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Abstract

Tree-like architectures and branching structures are one of the analogical designs that are among the nature inspired
structures arousing attention of the designers, inspiring them and that are frequently confronted throughout the history
of architecture. Likewise, trees are structural models for designers beyond the plant and branching patterns that are used
as architectural ornamentation. Trees have the characteristics of being mentors for architects and engineers concerning
how the vertical and the horizontal loads are transmitted through the trunks, branches, and leaves and how the balance
is provided. Within this context, it is possible to claim that a quite wide and intuitively developed structural knowledge
is acquired with the tree analogies throughout the history of architecture. By the development of computational design
technologies, there have been significant developments in the design and the building of tree-like structures. Especially the
number of branching, angles of dendroids, lengths, and the other parameters can be defined by using algorithms and can be
optimized also by the help of computational tools. In this paper, the historical development and classification of the tree-
like structures have been carried out and Frei Otto who is the pioneer to pave the way for innovative structures related
to this field has been selected to revisit the efficiency of lightweight columns inspired by nature. One of the experimental
studies of Otto in which he called as “minimum path system” has been determined as the case study; the parametric design
behind the structure has been analyzed and reproduced by using a parametric software. The structural effectiveness has
been determined and discussed by testing the obtained models using a FEM program under horizontal and vertical loads.
Consequently, the structural effectiveness of today’s computational technologies and the branching structures that Otto
built intuitively and by natural analogies have been able to be tested and the possible potentials that can be leading for today’s
architects have been demonstrated.
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Introduction recent years indicate that nature’s millions of years of experi-
ence contains solutions for humanity’s problems beyond
metaphors.

In the architectural design process, one of the methods
of inspiration/learning/adaptation and/or application from
nature can be explained as “taking the form of the natural
object and transferring it to the building with formal con-
cerns and an analogy.” Architects and engineers who saw
this expansion have done many morphological designs
and/or structural experiments/research in the last century.

Nature, which has been a guide for designers throughout the
history of architecture, is frequently used as a source of inspi-
ration in architectural designs (Arslan Selguk & Sorgug,
2007). In the discipline of architecture, as with many design
fields, the physical and visual features of formations and
structures in nature, such as proportion, color, texture, and
pattern, are transferred to design processes through meta-
phors (Hersey, 1999, Portoghesi, 2000). Metaphors have
made contributions to the development of new discourses in
architecture by creating formal similarities in the context of
object—structure, establishing relationships and generating  1Gazi University, Ankara, Turkey
new knowledge. Due to the abundant resources of metaphors .
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When we look at the historical process, it is the 20th cen-
tury. In some works that were received until the middle, by
taking the examples in nature and imitating them with for-
mal concerns; It has been observed that the facade and
building design are limited to ‘form finding’ only. In this
context, applications that are performed by interpreting
only the colors, textures, and patterns of the elements are
frequently encountered. Similarly, many architects make
their designs by being influenced by some objects existing
in nature. It is known that metaphors and analogies provide
designers with a starting point in architecture, with con-
cerns such as reaching creativity, creating meaning, and
conveying messages.

When nature’s structures are examined, it is seen that
“form, material and structure come together simultaneously
and reveal their functions” (Arslan Selguk & Sorgug, 2013).
Nature also has potential solutions for architects and engi-
neers, such as only consuming as much energy as it needs,
producing the most effective solution with the least material
and exactly fitting form to function (Beukers & Van Hinte,
2005). Trees, which draw the attention of the designer and
inspire him/her, are among the metaphors frequently used
throughout the history of architecture. Beyond the tree/
branching motifs used as ornaments, trees are a structural
model especially for the designer who is faced with the prob-
lem of load transmission. Designers “learn the concept of
growth and branching on a tree; Considering the relation-
ships between roots, trunk, branches, and leaves, and the dis-
tribution of loads, they became aware that this knowledge
could be an answer to the problem of load distribution that
needs to be solved in architecture as well, and they began to
“learn” from trees.

Frei Otto, one of the pioneering architects with this aware-
ness, made experimental studies especially on tree-like and
branched structures. The Institute for Lightweight Structures,
which he founded in Stuttgart in 1964, can be considered as
the beginning of the “conscious learning from nature”
approach, as well as his inquiries to understand the “process”
of structuring and formations in nature, and his search for
new forms and structures. By adopting the “learning from
nature” approach in his search for new forms and structures
in design processes, Otto took his place in architectural lit-
erature. Otto’s experimental studies, especially on tree/
branched structures, are still guiding prototypes for designers
working in this field today.

In the last years of the 20th century, both the development
of numerical design and production techniques, and the
spread of light but high-strength steel, together with the
development of concrete technology and high-quality tim-
ber/plywood, offered designers the opportunity to explore
much more complex forms. “Complexity” has become a
design trend for those who deal with a wide range of designs
from art to industrial design, from interior design to architec-
ture lately. At this stage, complex and fractal-like geometries
and parametric approaches began to enter the design as an

input for architects inspired by the shape and structure of the
tree. From this respect, this study questions the relationship
between nature and architecture in terms of “tree-like struc-
tures” within the related literature and examines the architec-
tural solutions.

One of the most important concepts shaping the architec-
ture of the 21st century can be mentioned as “sustainability,”
and the second is “the impact and transformation of digital
design and production technologies in the discipline of archi-
tecture.” The effectiveness of forms and formations in nature
and their performance have only begun to be understood
with the help of these developing technologies. In the 1970s,
when these technologies were not available, Otto’s studies
and his perspective on nature still inspire researchers today.
In this context, the main motivation of this article is to under-
stand tree-like structures in architecture and to revise Otto’s
point of view with today’s technological opportunities.

Natural constructions, especially trees with their plant
structures, leaves, branches, trunks, and roots, have cap-
tured the attention of designers (Lopez et al., 2016;
Pawlyn, 2019; Rian & Sassone, 2014; Ripley & Bhushan,
2016) for centuries as the best natural examples of load
distribution, which is an important problem to solve in
design processes.

Within this conceptual framework, in the first part of the
paper, a literature review was made and the historical devel-
opment and classification of tree-like structures among
nature-inspired structures were made, and the subject was
discussed in the context of architectural examples. In the
case study, we examined the tree-like structures used by Frei
Otto who conducted experimental studies and the “minimum
path system” concept included in his book “Finding Form:
Towards an Architecture of the Minimal” (Otto & Rasch,
1995). By focusing on tree-like structure trials, which have
an important place among the light structure studies carried
out by Otto experiments, the prototypes that can inspire
today’s architects were modeled by using Grasshopper® soft-
ware. The efficiency of the tree-like structures designed by
using “minimum path system” offered by Otto is discussed
through structural analysis of the obtained models.

Literature Review and Background

Trees are among the many natural structures that attract the
attention of architects and engineers and can be a source of
inspiration in design processes. The concept of “learning”
from trees emerged when designers observed the growth and
branching in a tree and examined the connections of roots,
stems, branches, and leaves and their load distribution hier-
archy, they realized that this could be a solution to the prob-
lem of load distribution, which is an important engineering
problem (Ozdemir & Arslan Selguk, 2016). Within this
framework, in the literature review part of this paper, the his-
torical development of dendritic structures has been reviewed
through architectural examples.
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Design Approaches in Architecture Inspired From
Nature

When the historical process until the first half of the 1900s is
reviewed, it can be seen that natural structures have been
imitated through formal and structural perspectives. It is pos-
sible to say these practices, which can be expressed as “for-
mal analogies” integrated with design, were very common in
those years. What must be underlined is that “nature inspired”
practices remained limited with formal concerns in fagades
or form/structure of the building. While these approaches
sometimes provide structural improvements, they are gener-
ally performed for esthetical purposes.

In the history of architecture, several levels of relation-
ship exist with “natural configurations, formations, form and
structures” (Figure 1). Sometimes these relations can be seen
as an “analogy” and other times reach the level of “meta-
phor.” Since the 19th century, parallel to developments in
science and technology, with the increase of “knowledge in
the field of biology,” the biology effect in the discipline of
architecture began to change and evolved toward “learning
from nature” and “interdisciplinary interaction” (Ozdemir &
Arslan Selguk, 2016).

Today, even though manmade structures are different
from the scale, function and formation processes of forma-
tions in nature, subject areas such as material, energy con-
servation, lightness and durability, despite this lightness,
increasingly continue to be an inspiration for designers.
The biomimicry approach, which has entered the literature
as a new discipline and means consciously “imitating the
best ideas of nature” (Benyus, 2002), includes the methods
that designers frequently use. This approach, which pro-
vides new and different solutions for energy efficiency and
sustainability as well as looking at nature for optimization
of structural and mechanical systems, requires interdisci-
plinary collaborations.

Tree Metaphors in Architecture

Dendritic configurations used in architecture generally con-
sist of the use of the structure and shape of trees or plants as
a metaphor. In the pre-20th century period, trees and plants
were generally used for ornamenting purposes in architec-
ture. However, in the modern era until the mid-1900s,
designers isolated the tree’s complex structural formation as
simple Euclid and/or complex geometries, and with the
usage of new reinforced concrete technology architects
started to design mushroom or umbrella formed dendritic
structures. Nowadays non-Euclidian irregular geometrical
forms—mountains, clouds, trees, and the like in nature—
can be explained by abstracting, non-linear, and fractal
geometries concepts (Casti, 1989). Tree-like and vegetal
forms have been seen as “complex forms” for centuries, and
for this reason, they are often used by abstracting in archi-
tecture. Today, inspiring/learning from tree-like structures

continues increasingly because these forms can be explained
with fractal theory and can be produced in a short time and
with many alternatives by using advanced computational
methods and algorithms. At the same time, rapid prototyp-
ing tools and other digital fabrication techniques have made
it possible to convert complex form designs into physical
forms easily and quickly.

The historical development of branching metaphors and tree-
like structures in architecture. Although the first emergence of
tree and plant-like forms in architecture is not known, one
example in which tree—plant form symbols and metaphors are
used in Egyptian architecture is Luxor Temple (1400 BCE).
Pillars and pillar heads were inspired by the papyrus plant.
Also seen in this period are Egyptian columns with carved
stone pillars resembling tree trunks or bunches of reeds and
plant stems, and column capitals decorated with lily, lotus,
palm, or papyrus plant motifs (Portoghesi, 2000). Ancient
Greek architecture, on the other hand, is one of the oldest
examples where these forms and constructions are clearly
visible. In these antique eras, however, tree and plant shapes
drew people’s attention and these natural objects, being part
of their daily lives, took their place in their structures. It has
been observed that the prominent decorative features of trees
and plants were used in the Classical and Roman periods
(500 BC—400 BC). The Corinthian order, which was the most
elaborate of the three Greek architectural orders in the clas-
sical period, was mainly used in the interior columns. At the
end of the Hellenistic period, temples with external columns
began to be built in Ancient Greek architecture. The classical
column header has acanthus leaves (Figure 2). In the post-
Roman period, complex and intensely embroidered flower-
like ornaments were used in decorations with wood and plant
motifs in stone, masonry, and plaster (Rian & Sassone, 2014).

The Renaissance period in Europe and the Baroque move-
ment, which formed between 1580 and 1750, greatly influ-
enced the understanding of art. In the post-Roman periods
and especially in the Baroque and Rococo periods, there are
many examples where trees and plant motifs are used in dec-
orations. During these periods, intricate and richly embroi-
dered flower-like decorations were designed by using stone,
masonry, and plaster (Aydogmus, 2007).

In Central Asian and Eastern geography, plantar shapes,
which are especially obvious in the Turkish arts and rich
stone masonry, can be seen in Seljukian architecture on
external fagades and throne gates. While in internal architec-
ture, shrines, pulpits, iwan dome passages, consoles, arcs,
pillars, and pillar spikes have been the center of interest with
different and original plantar ornaments (Figure 3) (Karadas,
2011).

In Gothic architecture, similar metaphorical approaches
can be seen, the effects of which could be observed in Europe
from the 12th to 15th centuries. In this period, fan vaults, an
important tree-like structure in architecture that is considered
an abstract form of the tree shape, started to be seen in
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Figure 1. Some images of nature used in architecture.
Source. Adopted from Portoghesi (2000).

Figure 3. Plantar ornamenting elements in Anatolian Seljukian era architecture (Karadas, 201 1).
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Figure 4. Lily plants and the Crystal Palace (URL-1).

cathedral constructions. Although there were tree-inspired
examples in architecture as basic structural elements in the
Middle Ages, in the late medieval periods, especially in the
Baroque and Rococo times, vegetal and flower-like shapes
without any structural task are found as heavy decorations in
architecture.

The Crystal Palace designed by Joseph Paxton in 1851,
one of the most impressive examples of buildings in the 17th
century, was inspired by nature in the structure of the facade
(Figure 4). In this context, the Crystal Palace, seen as the first
structure of modern architecture, is defined as the first exem-
plary building with applied architecture and designed with a
biomimetic approach. Joseph Paxton was inspired by the leaf
structure of the Giant Amazon Waterlily in his design of this
large-span structure with glass plates (Knippers et al., 2017,
p. 26).

In the 19th century, during a new art tendency, architects
developed molded iron usage skills in construction, which
provoked designers to ornament details using plantar forms
(Rian & Sassone, 2014). Trees and plant forms were used as
primary objects for decoration in architecture and lived a
Golden Age. Design elements in metal construction have
ornaments with fine details (Figure 5).

The metaphors of the pioneer designer Gaudi, who turned
to nature with the effort of blending architectural form with
structural rationality and “learning from it,” mostly mani-
fested in the designs he created by combining organic natu-
ralism and structural logic then adding nature admiration to
his neo-Gothic style. The limb of a tree, which grows by
branching, has a structural form capable of carrying the larg-
est part of the tree—the canopy. This property was used by
Gaudi in many of his works, foremost in the Sagrada Familia
basilica (Figure 6) (Goémez, 2002). Gaudi’s structures appear

to be the first examples of structures that branch out in the
form of a tree created from concrete, inspired by nature.

Gaudi’s method of design by integrating the forms and
structures of trees and plants, and similarly interpreting the
skeletal systems of living things with an architectural
approach, is undoubtedly unique. In his journey to find his
architectural language, he was heavily inspired by the struc-
tural qualities of natural shapes. His lifelong studies of living
structural systems led to the use of regular geometric shapes
such as cones, spirals, and hyperbolic parabolas for the con-
struction of the entire structural system of churches and
cathedrals, which resemble the branched trunk of trees
(Figure 7). The geometry of the many pillars of the Sagrada
Familia basilica are hyperboloids inspired by tree trunks.
Gaudi has designed stable structures that stand upright like
trees without the need for internal or external support, using
sloping and spiraling piers as well as curved, hyperbolic, and
parabolic arches and vaults (Figure 8) (Zbasnik-Senegaénik
& Kitek Kuzman, 2014).

When the structural simplicity trend began to become
widespread in the early 20th century, Gaudi’s structural col-
umns shaped like trees had already taken their place in
architectural literature. The development and spread of tech-
nologies related to reinforced concrete has offered many
structural solutions for architects and engineers to have
structural designs with free forms.

Frank Lloyd Wright, one of the pioneering actors of mod-
ern architecture, speaks of an architecture “in harmony with
nature” in his writings and designs, and frequently used “col-
umns” in his buildings as protrusions or mushroom abstrac-
tions inspired by tree branching (Figure 9). These columns
have started to take place in architectural literature as a result
of Wright’s statement “form does not mean function, on the
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Figure 6. Plant motifs and tree columns, the first part of which was started to be built on the Sagrada Familia basilica, on the nativity
fagcade (URL-2).

Figure 7. Hyperbolic geometries present in nature (URL-3).
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Figure 9. Mushrooms and the Johnson Wax Headquarters’ mushroom columns (URL-5).

contrary, form and function are a whole” (Levine, 1996;
Lipman & Wright, 2003).

Frei Otto and branching structures

By directly testing materials that included hair, bones, spider
webs and seashells, Otto looked for structures that corresponded
to what can be described as an architecture before humans. At
an historical moment in which modernist narratives of progress
and the domination of nature came increasingly under question,
Otto sought alternative means to construct the development and
history of form (Fabricius, 2016).

In the second half of the 20th century, it is seen that the
designers changed their approaches toward learning from
nature and sought architectural form with experimental
approaches in their designs. Especially, Buckminster Fuller
and then Frei Otto’s inquiries to understand the “process”
and their search for new forms and structures can be

considered as the beginning of the “conscious learning from
nature” in architectural design. An innovative architect Fuller
described the direction in which designers should go as “. . .
we aim not to imitate nature, but to find the principles she
uses” (URL-6). Fuller, who frequently used the forms in
nature in his works, also said that the “patterns of designs in
nature are inspiring.” According to him, there is a technol-
ogy in nature that is dynamic, functional, and the result prod-
ucts are extremely light (Portoghesi, 2000). Similarly, Otto
spent his entire professional life finding for new forms and
structures inspired by nature. As an architect he used this
approach to design and construct many of his buildings
(Nerdinger, 2005, p. 11).

Frei Otto and his team have produced many systems and
techniques using nature-inspired architecture in their inter-
disciplinary studies on forms and processes. Their experi-
mental studies conducted at the Lightweight Structures
Research Center in Stuttgart are collected in the book Finding
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Figure 10. Umbrellas designed by Otto for a garden exhibition
in Cologne, Germany (Otto & Rasch, 1995).

Forms. In the book, systems designed with inspiration from
trees and plants are expressed as “branching structures.”
Light weight umbrellas from metal constructed membranes
were produced as an example of branching structures (Figure
10). The first umbrella structure designed by Otto was con-
structed in 1955 for a garden exhibition in Kassel (Otto &
Rasch, 1995).

Otto and his team, during searches beyond analogies,
started to provide architectural products through the first sys-
tematic research of “learning from nature.” Although the
scale, function, and formation processes are different from
manmade structures, they have learned from them by imitat-
ing nature due to characteristics such as lightness, rigidity,
energy conservation, the least material, and maximum open-
ing. With these studies, “biomimesis” in architecture system-
atically began to be discussed and applied for the first time.

In his years long-lasting works, Otto realized systematic
research on economical, adaptable, lightweight, and large
span structures. According to him, buildings should be “nat-
ural” structures (Nerdinger, 2005). He focused his research
on the optimization of structural forms and building light
structures. He conducted experiments on subjects such as
tents, soap bubbles, pneumatic structures, cable structures,
lattice shells, and branching structures (Arslan Selguk &
Sorgug, 2007). Otto developed a theory called Finding Form
and defined it as “On the Way to an Architecture of the
Minimal”’; he examined the relationship between “nature and
form” accordingly. He also developed a form/structure find-
ing method for ceiling and roof systems, which he called the
“minimum path system” (Roland, 1970). Furthermore, in the
design of tree structures, which can be used in the structural
system of pedestrian bridges, conference halls, and great
hexagon grid domes, he used “hanging chain” methods.

In the following years, more architects were inspired by
trees and designed and produced several lightweight and
wide-spanned effective structures. These examples are given
in the next section.

Recent examples. In the last decades, the designs of
branching structures and tree-like columns have been cre-
ated with more logical, realistic, and advanced methods
using computer-made algorithmic calculations and simula-
tion techniques. The ability to express the tree-like forms
parametrically and the emergence of new information
about the growth and branching structure of trees with the
developments in biology science has inspired designers and
pioneered new approaches. With advances in technology,
computer aided design and production have increased, so
structural solutions have become easier and more complex
structures have become possible.

For example, in the 1990s, Calatrava was inspired by nat-
ural forms and the expression of his structural systems clearly
exemplifies the effects of natural metaphors on his designs.
Calatrava’s style can be defined as visual and sculptural and
is accepted as a bridge between engineering, architecture,
and sculpture. His parametric logic can easily be seen in the
canopy and roofing structures given in Figure 11.

Similarly, Stuttgart airport by von Gerkan, Marg + Partner,
is structurally efficient thanks to the integration of tree-like
columns with a roof covering the entire volume (Figure 12).
It is possible to claim that designs created with Frei Otto’s
branching principles were applied to the roof of Stuttgart air-
port with the help of computational technologies.

The mushroom or umbrella-shaped columns of the 20th
century, with a “structural simplicity” tendency, were also
used in the 21st century by integrating a tree-like structure
approach. The structure designed by Thomas Herzog, who
was a student of Frei Otto, for World Expo 2000 Hannover is
an example from this period (Figure 13). The organic wooden
roof structure was designed in accordance with the concepts of
“Human—Nature—Technology,” which was the Expo’s theme,
and has been evaluated as a resultant product obtained from
sustainable resources. The shell formed by the tree-like struc-
tural system covers private and public spaces. Throughout the
design process, the design was obtained by using real models
and computer simulations; wind tunnel and loading tests were
carried out in cooperation between architects and engineers.
The building, which consists of 10 units with a height of 20m,
forms an “umbrella” shaped roof.

Designed by Arata Isozaki, the construction of the col-
umns at the entrance of the Qatar National Convention
Center in Doha were inspired by the sidra tree, a symbolic
plant adapted to the desert climate (URL-9) (Figure 14). This
structural steel column carries a 250 m wide entrance canopy
and was designed as a “sculpture” using evolutionary
algorithms.

It is possible to list many tree-like recently built exam-
ples. For example, Gardens by the Bay: Supertrees in
Singapore; Agri Chapel Yu Momoeda architecture office in
Nagasaki; Nine Bridges Country Club by Shigeru Ban
Architects in South Korea; and Cambridge Mosque by Marks
Barfield Architects, UK. Plant and tree branches, which
attract the attention of designers with their effective



Arslan Selcuk et al.

Figure 12. Stuttgart airport passenger terminal (Ahmeti, 2007).

Figure 13. Tree-like structures designed for Expo 2000 (URL-9).

structural behavior, are structures observed in architectural
designs and exemplified by the form—function—structure—
material connection that needs to be combined effectively.

Material and Method

Nowadays, it has become possible to use computer technolo-
gies at every stage of the design process. As a result, com-
plex problems can be effectively solved. Technology is
preparing an environment for the strengthening of produc-
tive and multidimensional design ideas, rather than using it

for solely “visual representation.” This study questions how
the tree’s branching structure, which has been an inspiration
for architectural structures for hundreds of years, can be
adapted to architecture with a more systematic way by using
the developing computational technologies. To answer this
question tree-like columns based on “minimum path system”
designed by Frei Otto has been revisited through digital
technologies.

Today, it is possible to use computer technologies through-
out the entire process, from the first stage of design to the
product, and thus to solve complex problems step by step.
Thus, technology is used not only as a tool to increase the
visual quality of the design product, but also as an environ-
ment that strengthens the development of creative and multi-
layered design ideas. In the field of software, companies
develop special graphical interface programs for architects in
line with demands. They are working on computer software
programs that will allow designers to look for nature-inspired
solutions to problems. There are many commercial products
that use algorithms to create trees and plants by combining
mathematical understanding with botanical knowledge.

From this respect, it is thought that reviewing the mini-
mum path principle developed by Frei Otto in the 1970s with
today’s technological opportunities would be appropriate to
test the accuracy of “intuitive information” perceived from



SAGE Open

Figure 14. Qatar National Congress Centre, 201 | (URL-10).

Problem of the research

How the tree’s branching structure, which has been an inspiration for
architectural structures for hundreds of years, can be adapted to architecture with
a more systematic way by using the developing computational technologies.

Tree-like columns based on “minimum path system” designed by Frei
Otto can been revisited through digital technologies to test the efficiency
of nature-architecture relationship .

Parametric modelling through resolving and re-modeling of Otto’s tree-
like column model by means of a script.

Structural analyses of the models

SRR ¢ The structural performance analysis of the tree-like column was evaluated. [EECETIIIS

S
o '}
(5]
(i
o=
=) (o)
c Q.
RO
0 v
> 5
=

Figure 15. Methodology of the study.

nature. For this purpose, the parametric design lying behind
dendritic structures, which Otto provided as a method in his
experimental works, was resolved and re-modeled by means
of a script. The effectiveness of tree-like structures was dis-
cussed by making structural analyses of the models obtained.
The mentioned “branching theory” was subjected to struc-
tural tests over the models that were prepared algorithmi-
cally by means of Grasshopper software and this study
discusses its effectiveness. In the first part of the study, quali-
tative research techniques were used, the data obtained were
digitized and quantitative analyses were made, and the
results were interpreted as represented in Figure 15.

Case Study: Understanding Frei
Otto’s Branching Columns Through
Parametric Modeling

Scientists who have been doing research on lightweight,
innovative, and sustainable designs in recent years are

frequently inspired by the forms and structures of nature. The
interaction of nature and architectural information defines
many new research areas to obtain lighter structures, use less
materials and produce environmentally friendly and sustain-
able structures.

In principle, less material must be used for light struc-
tures; therefore, the designer must be creative about the
“rationalistic use of materials.” Forming the most efficient
load transfers system resistance and, with the correct usage
of resources, economy is ensured. Lightweight structures can
be classified as frame supported, air supported, pneumatic,
cable net, geodesic dome, and grid shells structures (Ahmeti,
2007).

The idea of reducing the material and especially making
a lightweight structure that can pass through large spans has
been discussed by architects and engineers for a long time.
Otto has focused his years of work on making it lighter and
has carried out systematic research on lightweight, economi-
cal, adaptable structures. According to him, buildings should
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be “natural” structures (Nerdinger, 2005, p. 40). He trans-
formed his experimental studies into academic publications
and has written articles on topics such as dome shells, cage
shells, and hanging chains.

The first discussions about lightweight structures started
in the 19th century, but in the literature, it is seen there had
been no systematic discussion platform on the design and
production of lightweight structures until the Light Structures
Institute was established in Stuttgart in 1964. In Frei Otto’s
studies at this institute, a special close relationship between
branching structures, the direction of forces and shapes was
revealed in terms of general appearance and the nature of the
structure. As far as we have learned from the literature, the
structural importance of the branching structure of the tree
was not fully discovered until Otto’s experimental studies
were published and began to generate products (Nerdinger,
2005). After Otto’s works, many lightweight columns, and
buildings with tree-like structural systems are seen. Thanks
to the branching structure of the wooden columns, it is pos-
sible to form joints between the truss elements without a
beam system, which makes the system resistant to bending
even when exposed to various loads. As the wooden struc-
tures require less material, more efficient material use is
ensured, while the use of the most appropriate load-bearing
geometry reduces the waste of resources by providing the
necessary strength (Ahmeti, 2007). From this point of view,
it is possible to say the first systematic study that entered the
literature was the minimum path principle included in Otto’s
Finding Form. This principle has been developed step by
step and has guided many architectural designs, as shown in
Table 1.

The analyses used in this part of the article were carried
out within the scope of the thesis produced by Giille (2017).
Frei Otto’s “branching theory” was modeled with an iterative
process using Grasshopper software. Repetition describes
the results of one iteration being the starting point for the
next. The system is drawn in two dimensions in Grasshopper
(Figure 16).

In the model, the columns are positionedona 15m X 15m
square. The branching angle value and other ratios of
dimensions in the models were given values equal to the
ones Otto had offered as a final product. Column height
was modeled as 7m, while the branch number was calcu-
lated at most 3. In the last, Otto’s model shown in Figure 17
was obtained.

Performing iterations or recursions in Grasshopper
requires the use of script. First, in the models developed by
iteration, the function groups shown in Figure 18 were taken
and these were repeatedly copied and pasted. Thus, the
results obtained from the first group serve as the starting
point for the second. Using this method, a certain command
group was developed for the “branching theory.”

By deciding on the number of branches, the branching
theory shown in Table 1 has been simulated step by step.
Figures 19 to 22 show the process respectively as 0, 1, 2, and

3. The final product of Otto’s minimum path system shown
in the last figure (16) of Table 1 was obtained.

In this part of the study, structures modeled with the
Grasshopper script were calculated through SAP2000 to
answer the question: “Will the ‘minimum path’ system,
which emerged as a result of Frei Otto’s experiments on tree-
like structures in the 1970s, reveal the same results in terms
of efficiency compared with the same structures simulated
through the decades?” Moreover, the question “How do tree-
like structures behave under equivalent loads and when dif-
ferent tree-like structural topologies are applied with the
same materials?” has been answered through the models
with different branch numbers created using SAP2000. Then
the structural performance analysis of the tree-like structure
was evaluated. Four models in which tree-like columns used
as the main structural support to carry roof loads have been
identified and modeled (Figures 23 and 24).

There are differences between the structural tree typolo-
gies of the determined models. Models’ structural analyses
were made with the purpose of studying the effect of geo-
metrical differences, such as multiple branching systems,
symmetry, branching angles, dimensionality rates, derivation
of geometrical shapes in various morphological types and
complexity. In the study, four different steel construction
systems were compared with each other under the same ver-
tical and horizontal loads in their equivalent cross-section
properties (Figures 25 and 26).

For the analysis and design, the SI (metric) measure sys-
tem was used. With respect to the steel structure material’s
property, Earthquake Regulation Article 4.2.3.1 is valid.
According to Turkish Standards TS 648 Steel Structures
across structure steel class is used. Structural calculations of
the models were carried out with the SAP2000 finite element
program according to the load combinations mentioned
above. The easiest way to interpret the calculation results and
understand the behavior of the structure is the deformations
that the finite element model prepared for structural analysis
shows under applied loads (Figures 27 and 28).

The results of the modeling show that Model-1’s cross-
section is approximately 500%, Model-2 and Model-3’s
cross-sections are 100%, while Model-4 is working at
approximately 60% capacity when looking at the cross-
sectional strain graph. This situation has revealed that,
since the model does not reach the maximum load carrying
capacity, there is no strain or deterioration in the material;
therefore, Model-4 does not have a carrying problem
(Figures 29 and 30).

The results of the analysis show that Model-4 has the
most structural stability (Figure 31). Further, Model-4 is
exposed to less displacement with increasing load conditions
(Figures 32 and 33). While replacements in Model-1 reach
15 cm, this difference is near 2 cm at Model-4.

As a result of the study, four different steel construction
systems with equivalent cross-section properties were mod-
eled in the Grasshopper software and compared with each
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Table 1. Development Stages of Frei Otto’s Minimum Path System (Otto & Rasch, 1995).

T

(1) Since this support beam structure is relatively unstable, the
structure can be demolished by wind and earthquakes. In
addition, the beam must be very thick in order not to sag.

=

(3) In the ceiling or roof components, even in simple timber
buildings, the supporting structural members are already “tree
supports.”

YN

(5) Branching structures formed of stone are used in bridge
constructions.

‘// 5SS

(7) In suspended ceilings made with timber poles or laths, the rings
to which the tension-loaded roof is attached are carried by
branching supports.

| } ! |

(9) This road system connects the points at the minimum distance

in total. It is less effective in carrying force due to the bending of

the outer support arms.

.

A\ 2V .

(2) This system is affixed with piers and girders are better used.
Larger gaps can be achieved with the same amount of material.

— ’%?:

(4) Timber supports are constructed very effectively yet in a
complicated way.

(6) For branching timber structures, the “hunch tent,” which has a
round top, is used.

{ | i ¥

(8) If the load needs to be transported at a certain distance (height),
the “minimum distance” system in the form of vertical supports
is suitable.

{ |

(10) In the minimum distance system, power is carried through the
shortest way possible. Load is placed on the bars in case of
bending.

S R RS

I

/

(1'1) If the points where the force is applied to the system shown in (12) The carriage of power in a way system with minimum deviation

(10) are connected with beam ties, it becomes more effective.
These bars are then squeezed and loaded.

is more effective compared to (11), because ways have become
more intense and the bending strength of the rods is increased.

(continued)
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Table I. (continued)

|

(13) (a) The efficiency is further increased if the points of application(14) (a) A direct way system is formed by pulling rubber strands
of force are brought together with a beam tie; (b) If very between screw-like power practice points; (b) The
small loads need to be transported, then a higher load- way system with minimum deviation is formed loosely,
bearing capacity can be given to thin rods by the rope strut overcoming the thin threads between these points; (c) The
method. system thereafter is dampened with water.

(15) (a) The fan structure used in timber and steel construction (16) The tree-like structure is a road network with minimum
can be shown as an actualized direct road network; (b) A deviation. This structure requires relatively less material and
“strutted array structure” is in many cases more effective load carrying capacity; however, it can be increased with thin
because the pressurizing elements’ bending lengths are struts.
decreased.
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Figure 16. Two-branching model written in Grasshopper.

other under the same loads using SAP2000. As aresult of the ~ does not reach the maximum load carrying capacity, it is the
modeling and structural load analysis, it was seen that the ~ only model without a carrying problem, since there is no
cross-sectional stress graph of Model-1 was operating at  strain or deterioration in the material. It has the smallest
approximately 500%, Model-2 and Model-3 at 100%, and  value in terms of displacement and stress values and the larg-
Model-4 at approximately 60% capacity. Since Model-4 est value in terms of load carrying capacity.
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Figure 17. Final product of the minimum path principle (Otto & Rasch, 1995).

Constants

Initial Values

Figure 18. Command group determined for the “branching
theory.”

Conclusions

In the past, concepts of “tree-like” or “branching structure”
have been used mainly by creating formal similarities
between architecture and natural structures in designs.
However, today, there is a design process that is not only
concerned of form but also searches for functional innova-
tion while gaining inspiration from nature. Developing
technological possibilities, new calculation methods, com-
puter-aided design, and the emergence of new materials
provide structural freedom in architectural design and
open new horizons for the architecture of the future. With
the rapid development of computer-aided design, digital
technology can be included in design processes more easily
and effectively. In the 21st century, research on trees with the
developments in biology science, as well as in fractals, other
basic geometric and mechanical properties, and advances in
science and technology, have enabled many innovations to
be made in the forms and structures in architecture.
Examples showed that the most inspiring quality of a
tree in nature is “the capacity of a narrow element to bear a
large surface, thanks to its fractal-like branching structure.”
This knowledge has inspired designers throughout history
and has guided them to understand the complex structures
of nature and increase the efficiency of their own designs.
Today, research into the properties of trees, such as fractals

and other basic geometric and mechanical properties, has
provided innovative openings in architectural forms and
structures, thanks to the rapid progress in science and tech-
nology. Studying on tree-like structures, some researchers
have tried to explore the effectiveness of fractal-like
branching structures of the tree. One of the leading archi-
tects of the 20th century, Frei Otto’s efforts to understand
the “process” and his search for new structures can be con-
sidered as the beginning of the learning from nature for
architectural design. Otto conducted systematic researches
on lightweight and adaptable structures, taking into account
the fundamental principles of the relationship between
architecture and nature.

Considering the relationship between architecture and
nature, Frei Otto conducted methodical studies in the context
of lightweight construction, and systematically conducted
research and experiments on the models of tree-like branch-
ing structures. In the case study part of this article, the tree-
like column designs, which have an important place among
the light structure studies by Otto, were reproduced para-
metrically and their structural performances were evaluated
by analyzing them with the finite element method. First, we
created digital models based on Otto’s branching structure
studies, which were made in the 1970s, and investigated their
efficiency through 21st century’s computational analysis
technologies. The computational models prepared in the
study were obtained from the physical models created by
Otto, and a digital model was developed to obtain a final
digital form. In the modeling study, it was observed that
increasing the number of branches caused the structural sys-
tem to reach the highest load carrying capacity. Therefore,
with an increase in the number of branches, steel becomes a
lightweight structure with higher performance. The analysis
results have been concluded in a way that confirms the
hypothesis of our study.
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Figure 19. Model-1. Branch number was determined as 0.

Figure 20. Model-2. Branch number was determined as |.

Figure 21. Model-3. Branch number was determined as 2.
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Figure 22. Model-4. Branch number is determined as 3.
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Figure 24. Model-3 and Model-4 construction models, consisting of 4 units.

MODEL-2

Figure 23. Model-1 and Model-2 construction models, consisting of 4 units.
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MODEL-L 30

Figure 25. 3D views of structural models, Model-| and Model-2.

Figure 26. 3D views of structural models, Model-3 and Model-4.

Figure 27. Stress charts of floors under the same conditions (x-axis).
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Figure 28. Stress charts of floors under the same conditions (y-axis).
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Figure 29. Load bearing capacity.
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Figure 30. Comparative analysis of the sections’ strain graphic.

Figure 31. Shape deformation in x- and y-axis.
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Figure 32. Place changes formed in the z-axis.
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Figure 33. Comparative analysis of deformation in the z-axis.
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Otto studied the forms and processes of nature in order to
develop and build many structures. He has worked on not
only branching structures but also on tents, soap layers, air
and water structures, suspended forms, and lattice shells. In
this process, he carried out experiments on determining the
most suitable form by using lightweight materials. He tried
to produce the most suitable solutions to reduce the mass of
the material and at the same time provide structural effi-
ciency. Today, thanks to algorithmic tools, the process of cre-
ating forms in architecture, original architectural patterns,
and the architectural languages that make up these patterns
can also be expressed in computer-based digital forms by
examining the genetic codes of natural complex structures.
For the tree like structures, the opportunities provided by the
technologies of the 21st century to design methods carry the
design and construction of tree-like structures to a more
advanced level by optimizing the number of branches,
angles, lengths, and other relevant parameters, thus achiev-
ing optimized forms and structures.

To sum up, after the 1960s, designers like Otto, searched
for architectural forms with experimental studies in inspiring/
learning approaches from nature. At the end of the 20th cen-
tury, the development of digital design and manufacturing
techniques, the use of high-quality timber/plywood with con-
crete technology, the widespread use of light but high-strength
steel enabled designers to produce much more complex forms
inspired by nature. Today, developing computational tools
and technologies provide the opportunity to obtain the most
performative solutions among the rapidly produced alterna-
tives for architects inspired by nature.
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